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Polymer layered-silicate (clay) nanocomposites have not only the unique advantage of reduced flammability, but also
improved mechanical properties. This is a key advantage over many flame retardants, which reduce flammability but
also reduce the mechanical properties of the polymer. In our efforts to further understand the mechanism of flame
retardancy with polymer-clay nanocomposites, we investigated the effect of the clay, the loading level and polymer
melt viscosity on the flammability of polystyrene-clay nanocomposites. The nanoscale dispersion of the clay in the
polymer was analysed by wide-angle X-ray diffraction (XRD) and transmission electron microscopy (TEM). Cone
calorimetry and gasification studies were used to evaluate the flammability of these nanocomposites. There were
major reductions in peak heat release rates (HRRs), and increased carbonaceous char formation, for these
nanocomposites. It was determined that while the viscosity of the PS nanocomposite played a role in lowering the
peak HRR, the clay loading level had the largest effect on peak HRR. Finally, it was found that clay catalysed
carbonaceous char formation, and the reinforcement of the char by the clay was responsible for the lowered
flammability of these nanocomposites. Published in 2002 by John Wiley & Sons, Ltd.

INTRODUCTION bic. This allowed the polymer to wet the surface of the
clay and disperse the clay into the polymer.
The focus of our research on these PS nanocompo-

Polymer-clay nanocomposites have attracted a great sites was to develop a fundamental understanding of the
deal of interest due to their improved mechanical, fire retardant (FR) mechanism provided by the Clay' We
thermal, and flammability properties." > More recent focused on comparing the flammability properties of: (1)
work in our laboratory has shown that polymer-clay nanocomposites with different MMT loading levels, and
nanocomposites exhibit reduced flammability and im- (2) nanocomposites with different melt viscosity; this
proved physical properties at low cost.”” A wide variety was controlled by using different polymer molecular
of polymer resins have been used to synthesize polymer- weights.’

clay nanocomposites. This has been accomplished by the
addition of an organically treated clay to a polymeriza-
tion reaction (in situ method),'® ' to a solvent-swollen -
polymer (solution blending),'> or to a polymer melt EXPERIMENTAL'
(melt blending).">'®'® Some of our recent work has

investigated nanocomposites made with polystyrene Nanocomposite preparation

(PS) via melt blending. The polystyrene nanocomposites

were montmorillonite (MMT) clay nanocomposites, in PS-montmorillonite nanocomposites (PS/MMT) were
which the sodium cations on the MMT had been prepared on a twin-screw extruder. PS of two different
replaced with organic ammonium salts. These organic M, (M, 170 000, Styron 663 and M, 100 000
ammonium salts served as the organic treatment for the XU70262.08) were compounded with organic treated
clay, making the normally hydrophilic clay hydropho- MMT from Southern Clay Products (Cloisite 20A)
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using a Berstorff ZE-25 co-rotating twin-screw extruder
(L/D=35) at 170°C with a nominal screw speed of
20.9 rad/s (200 rpm). The material was extruded at a rate
of 250 g/min and the extruded strands were cooled in a
water bath and pelletized with a Conair Jetro model
3045/0-9478 pelletizer (25 mm, at 205°C). The formula-
tions prepared are shown in Table 1.

Thermal and molecular weight degradation analysis

Thermogravimetric analysis (TGA) data were collected
using a TA Instruments 2950. The materials were tested
under N, from 30°C to 700°C at a heating rate of 10°C/
min. Conventional gel permeation chromatography
(GPC) data were collected on a Waters Alliance 2690
equipped with a Viscotek LR40 Laser Refractometer.
The column set consisted of four 300 x 7.5mm PLGel 5
micron columns (10000, 1000, 500 and 100 A) in series.
The mobile phase was THF at a flow rate of 1 ml/min.
The calibration curve was set up using narrow
polystyrene standards, available from American Poly-
mer Standards, with the following molecular weights:
675000, 350000, 212000, 115000, 30300, 17000, 9000,
3600, 2100 and 162. Samples and standards were dis-
solved in THF at 2 mg/ml.

Injection molding procedure

Disks (7.5cm diameter x 0.8 cm thick) for the cone
calorimeter were prepared using an injection molding
machine (Gluco LP20B semiautomatic, pneumatic). The
molding machine was rated at 18.1 x 10°kg (20 tons)
with 689.5kPa (100 psi) air pressure. The nozzle and
melt chamber (barrel) theoretically held 62.4 g of melt.
All resins were dried for 2h at 75°C, and kept in a
desiccator over a desiccant until they were added to the
injection molding machine. An effort was made to
process the resins at as low a temperature and with as
short a residence time as possible to avoid degradation.
The resin shot was manually added to the barrel of the
injection molding machine and packed into the melt
chamber. Approximately 1 min before the injection time,
the resin was packed two more times for 10s each. After
each injection another shot was added to the barrel and
the process repeated. A timer was used to determine
when it was time to inject, and filling of the barrel was
done immediately after an injection to keep
the residence time as equal as possible for each disk.
Table 2 shows the specific injection molding conditions
for the individual polystyrenes.

Table 1. PS formulations®

High M, PS Low M, PS Clay (SCPX2197)
98 - 2
95 - 5
90 - 10
- 98 2
- 95 5
- 90 10

®Mass fraction %.
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Table 2. Injection molding of polystyrene

Clay identity Mass Process Injection
fraction temp. pressure
% clay (°C) (kPa)
Blank (low MN PS) 0 210 689
SCPX2197 2 210 689
SCPX2197 5 210 689
SCPX2197 10 210 689
Blank (high MN PS) 0 210 689
SCPX2197 2 225 689
SCPX2197 5 210 689
SCPX2197 10 200 689

Nanoscale clay dispersion characterization

XRD data were collected on powder specimens with a
Philips  diffractometer using Cu Ko radiation
(24=0.1505945nm) with a 0.02 26 step size and a 2s
count time. Bright-field TEM images of PS nanocom-
posites were obtained at 120kV, at low dose conditions,
with a Philips 400 T electron microscope. All samples
were ultramicrotomed with a diamond knife on a Leica
Ultracut UCT microtome at room temperature to give
sections with a nominal thickness of 70 nm. The sections
were transferred from water to carbon-coated Cu grids
of 200 mesh (127 pm).

Cone calorimetry

Cone calorimeter experiments were performed at an
incident heat flux of 50 kW/m? using the cone heater."
Peak heat release rate (HRR), mass loss rate (MLR),
specific extinction area (SEA), ignition time (fgn),
carbon monoxide yield, carbon dioxide yield, and
specific heat of combustion data are reproducible to
within 4+ 10% when measured at 50 kW/m2 flux. The
cone data reported here are the average of three
replicated experiments. The specific errors (one sigma)
are shown as error bars on the plots of the cone data.

Gasification

The gasification device built at NIST is shown
schematically in Fig. 1. The cylindrical chamber was
0.61 m in diameter and 1.70 m in height. Two windows
provided optical access. The chamber walls were water-
cooled to 25°C. Products and ambient gases were
removed via an exhaust duct, and a constant nitrogen
flow of 7.671/s at 25°C was maintained during the
experiments. The temperature of the elements in the
cone-shaped heater was fixed at 808°C to maintain a
constant emission spectrum for all tests. A water-cooled
shutter was extended to protect the sample from the
incident radiant flux during nitrogen purge, prior to
testing. Flux levels varied about 8%-10% across the
0.1 m diameter sample region. The sample, 75mm in
diameter and 8 mm in thickness, was placed in an
aluminium foil pan having nearly the same diameter as
that of the sample, and 13mm high side walls. The
sample mass was measured with a load cell, and these
data were recorded at 0.5s intervals. The uncertainty in
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Figure 1. Schematic of gasification device.
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Figure 2. X-ray diffraction data for PS/5% MMT nanocomposites (high
M, 170 K and low M, 100 K).
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Figure 3. (A) Low magnificationTEM image of PS+5% clay. Note small multi-layer tactoids (a) as well as larger tactoids (b).
(B) High magnification TEM image of PS+5% clay. Single layers (a) as well as small layer stacks (b) can be observed.

the measurement of interest in the gasification data is
shown in each plot as an error bar.

RESULTS AND DISCUSSION

Clay nanoscale dispersion characterization

The nanoscale dispersion of the clay in the polymer is of
utmost importance, as the type of dispersion determines
the mechanical and thermal properties of the nanocom-
posite.!*!%2¢ The PS/MMT nanocomposite samples, of

Published in 2002 by John Wiley & Sons, Ltd.

differing molecular weight, each containing a mass
fraction of 5% of an organically treated montmorillo-
nite clay, were analysed by XRD (Fig.2). XRD
indicated that the samples were intercalated nanocom-
posites. The d-spacings increased from 2.42nm
(d-spacing for organically treated clay: Cloisite 20A) to
3.27nm and 3.34nm for the high molecular weight and
low molecular weight polystyrene samples, respectively.
However, at low magnification, TEM shows that the
clay is well dispersed throughout the polymer (Fig. 3A).
Individual clay layers along with two and three layer
particles are observed well dispersed (delaminated)
in the polymer matrix (Fig.3B). In addition, large
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Figure 4. High magnificationTEM image of PS+5% clay.

intercalated tactoids (multi-layer particles), as seen in
Fig. 3A, are also visible (Fig.4). This mixed nano-
morphology reflects results seen with PS/MMT nano-
composite samples prepared previously.'®?° This dis-
crepancy between XRD and TEM results is not
uncommon, and has been seen for a wide range of
materials. This reinforces the necessity of characterizing
nanocomposites using as many methods as possible.*! In
regard to the effects of clay dispersion on flammability,
we have shown that exfoliated and intercalated nano-
composites perform equally well in the cone calori-
meter.”’

Thermal and flammability analysis

The thermogravimetric analysis (TGA) of the PS
nanocomposites is shown in Table 3. The data reveal a
19°C increase in thermal stability for both molecular
weight PS/MMT samples. This is less that half of the
49°C increase in thermal stability observed previously
for PS/MMT nanocomposites.”’ The reduced improve-
ment in thermal stability may be due to the different
processing methods used in each study. The PS/5%
MMT nanocomposites here were compounded at 170°C
in a 25mm twin screw extruder exposed to air;
whereas, the previous PS/MMT nanocomposites were

Table 3. TGA data of PS/5% MMT nanocomposites

Sample TGA derivative maxima
100K M,, PS 412°C
100K M,, PS/5% MMT nanocomposite 431°C
170K M,, PS 414°C
170K M,, PS/5% MMT nanocomposite 433°C

Published in 2002 by John Wiley & Sons, Ltd.
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Figure 5. GPC datafor high M,, PS and PS/MMT nanocomposites.
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Figure 6. GPC data for low M,, PS and PS/MMT nanocomposite.

compounded at 150°C to 170°C in a mini-extruder
under nitrogen.'® Indeed, GPC analysis of the samples
(Figs. 5 and 6) extruded at a slightly higher temperature
without a nitrogen flow in the extruder showed some
evidence of degradation in the form of lower M,,. This is
consistent with our observation, which found that low
temperature processing was necessary to prevent PS
degradation when organo-MMT was present.'® The
reduction of M, may also be due to decomposition of
the organic treatment. The onset of thermal decomposi-
tion (7gec) of the organic modification associated with a
layered-silicate sets the upper limit on the processing
temperature for preparing polymer layered-silicate
nanocomposites, and for additional processing (injec-
tion or compression molding) of the nanocomposite.

Most organic modifications for MMTs are alkyl
ammonium salts, where the alkyl ammonium
cation has replaced the alkali cation on the natural
montmorillonite via ion exchange. However, these alkyl
ammonium salts have limited thermal stability,”® and
under some processing conditions easily degrade to
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tertiary amine and an o-olefin, via the Hofmann
elimination,”® or to alkylhalide and tertiary amine via
attack of residual halide.*®> While the typical Ty
reported for an alkyl ammonium treated MMT is
200°C, decomposition could occur at lower tempera-
tures due to prolonged exposure to air during heating of
the polymer, or from thermal gradients and hot spots
within the extruder.

To study the effect of melt viscosity?® combined with
the effect of MMT loading on the flammability of PS/
MMT nanocomposite by cone calorimetry, PS/MMT
nanocomposites were analysed with different M, and
MMT loading levels. The HRR data for pure PS and
PS/10% MMT nanocomposites for both molecular
weights are shown in Fig. 7. The factor of 3 to 4
reduction in the peak HRR for the PS/10% MMT
nanocomposites compared with the pure PS is impress-
ive. Furthermore, even though there was no statistically
significant difference in the HRR of the two different
molecular weights of pure PS samples, there was a
significant difference in the flammability of the two
different molecular weights of the PS/10% MMT
nanocomposites. The high M, nanocomposite had
about a 30% lower HRR throughout the first 400s of
the combustion experiment compared with the low M,
sample. This may indicate that the viscosity of the
molten degrading material in the burning nanocompo-
site is significantly different for the two samples, and
that this has a significant effect on the rate that volatile
decomposition products can escape into the gas phase.
This longer residence time for decomposition products
may provide the opportunity for other secondary
reactions to occur, such as those which form char (see
discussion of gasification below).

The HRR data for the high M, PS/MMT nanocom-
posites with mass fractions of 2%, 5%, and 10% clay
are shown in Fig. 8. The reduction in peak HRR
improved as the mass fraction of MMT increased. The
additional improvement for the PS/MMT nanocompo-
site with 10% MMT only occured during the first 100 s
of the burn. A levelling off of improvement in properties
at 5% is a common result for many layered-silicate
nanocomposites, regardless of the property.”’ As
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Figure 7. HRR plots for pure PS and PS/10% MMT nanocomposites
(low M,, and high M,).
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impressive as the HRR data are, the data most telling
of the novelty of this flame retardant approach comes
from the gasification data.

The gasification device (Fig. 1) allows pyrolysis, in a
nitrogen atmosphere, of samples identical to those used
in the cone calorimeter, at fire like heat fluxes, without
complications from gas phase combustion, such as heat
feedback and obscuration of the sample surface from
the flame. Typical measurements taken during a
gasification experiment include mass loss rate, and a
video of the sample as it undergoes gasification. The
MLR data from the gasification of PS/MMT nanocom-
posites showed identical trends to those found in the
HRR data from the cone (Figs.7 and 8). However,
the digitized video images taken during the gasification
of the low M, PS/5% MMT nanocomposite showed the
most important effect of the nano-dispersed clay on
the PS degradation. In contrast to the rapid-boiling
liquid layer observed for the pure PS, the PS/5% MMT
sample appeared to solidify and was converted to a
black solid residue very early in the experiment, at 90s
(Fig. 9). Once this residue (char) formed, the MLR
slowed to 25% of that for pure PS, and as stated before,
it was this reduced MLR, or fuel feed rate, that was
responsible for the dramatic reduction in the HRR. The
video images and the gasification residue yields for the
PS/MMT nanocomposites (Fig.9) showed that the
otherwise non-char forming PS was converted to a
charring system by the nano-dispersed clay. The
carbonaceous char yields for these PS/MMT nanocom-
posites are shown in Table 4. Very few other additive
flame retardants are capable of causing PS alone
(without a carbonific) to give carbonaceous char,
especially at this low a loading and with such a dramatic
reduction in flammability.

A polymer viscosity (related to polymer M) effect
was also observed in the gasification experiments for the
PS nanocomposites. The high M, PS nanocomposite
swelled, or intumesced, to a greater extent than the low
M, PS nanocomposite during the gasification and
charring process. This may indicate a higher melt
viscosity for the sample that swelled more, and suggests
one reason that the decomposition products escaped the

Fire Mater. 2002; 26: 247-253
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PS (100%)

PS (95%) + MMT (5%)

Figure 9. Digitized images from nitrogen gasification at a flux of 50 KW/m? of pure PS
(low M,,) and PS/5% MMT nanocomposite (low M,). The extensive carbonac-
eous char formation can clearly be observed in the nanocomposite (right)

samples.

Table 4. Carbonaceous char yields for PS/MMT nanocompo-

sites
Nanocomposite Carbonaceous char yield®
PS/2% MMT 0.7%
PS/5% MMT 2.3%
PS/10% MMT 3.3%

®These are carbonaceous residue vyields only, the silicate
fraction has been subtracted out. All silicate is assumed to
have survived the gasification, and the organic is assumed to
have been volatilized completely. It is assumed that the
carbonaceous residue is solely derived from PS.

condensed phase at a slower rate (i.e. the MLR was
lower).

CONCLUSIONS

The most important result from this work is the
formation of a clay-reinforced carbonaceous char
during combustion of nanocomposites. This is particu-
larly significant for polystyrene, which normally pro-
duces little or no char when burned alone. In the case of
a polystyrene clay nanocomposite, char is indeed

Published in 2002 by John Wiley & Sons, Ltd.

formed, and lower HRRs result. It appears from the
gasification data (videos and mass loss data) that this
clay-reinforced carbonaceous char is responsible for the
reduced mass loss rates and hence the lower HRRs.
Specifically, the observed MLR data indicate that the
clay-reinforced char layer acts as a barrier to fuel
release, thus lengthening the burn times of the nano-
composite and lowering the HRR. Polymer viscosity did
appear to play some role in lowering the HRR for these
nanocomposites, with the high M, material showing a
30% lower HRR when compared with the low M,
material. With regard to the effect of clay loading on the
HRR for the nanocomposite, the most effective loading
level was a mass fraction of 5%. There was some
improvement at 10% mass fraction loadings, since the
mechanical properties of this high a loading can be
deleterious, such heavy loading might be counter-
productive. We are currently investigating co-additives
for polymer-clay nanocomposites which can lower the
HRR further possibly in a synergistic manner.
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